SUMMARY The predominant phagocyte in established human syphilitic lesions is the mononuclear phagocyte. As these leucocytes may be important in immunity to Treponema pallidum, the initial interaction between human phagocytes and pathogenic T. pallidum (Nichols strain) was studied in vitro. Motile, virulent T. pallidum attach to the surface membrane of phagocytes but are not ingested by these cells. Heated, non-motile treponemes are not cell-associated but are observed free in the extracellular medium. Attachment is polar, at one or both terminal portions of the treponeme, and is neither serum-nor complement-dependent. Ingestion of virulent treponemes was not observed by phase-contrast or by electron microscopy in the presence of normal human or rabbit serum and complement. Techniques were chosen to preserve both the fragile surface constituents of the treponeme and the phagocytic function of mononuclear cells. Unfixed preparations were observed by phase-contrast microscopical examination during incubation to differentiate motile from non-motile organisms and fixed preparations were used for quantitation of attachment. This model should be useful for studying humoral and cell-mediated immunity in syphilis.
Introduction
The inflammatory response in human syphilis is characterised by plasma cells, macrophages, and lymphocytes (Robbins, 1967) . Furthermore, the principal phagocytic cell in histological sections of syphilitic chancres, condylomata lata, the maculopapular rash of secondary syphilis and in gummas is the mononuclear phagocyte. Previous studies of non-pathogenic Treponema refringens-rabbit peritoneal macrophage interactions revealed intracellular treponemes within vacuoles (Musher et al., 1972) . However, the initial interaction between virulent viable Treponema pallidum and animal or human monocytes has not been previously reported.
The complex process of phagocytosis may be divided into three sequential steps: attachment of the microbe to the surface membrane of the phagocytic cells, ingestion of the attached microbe, and digestion. Knowledge of these biological processes in T. pallidum-phagocyte interactions would greatly help our understanding of the pathophysiology of syphilis in humans. This report describes the initial interaction or attachment in vitro of T. pallidum to human mononuclear leucocytes. Zealand white rabbits. An inoculum of 106 treponemes in 10% heat-inactivated rabbit serum (Microbiological Associates, Inc., Bethesda, Maryland) produced a palpable orchitis in 9-11 days when rabbits were housed in air-conditioned quarters (15-17°C) and were given intramuscular hydrocortisone sodium phosphate (Merck and Co., West Point, Pennsylvania), 6 mg/kg daily starting 48 hours after inoculation. Within two days of the development of fulminant orchitis, animals were killed with pentobarbitone sodium (50 mg/kg, i.v.) and the testes removed aseptically. Each testis was sliced with sterile scissors, and tissue sections were vortexed intermittently for 20 minutes in 1-5 ml of RPMI-1640 tissue culture medium without antibiotics (Grand Island Biological Co., Grand Island, NY). The extraction mixture was then centrifuged at 1200 g for 10 minutes to sediment gross tissue debris, testicular cells, and spermatozoa, and the concentration of treponemes in the supernate adjusted to 5 x 107-2 x 108 treponemes per millilitre (Magnuson et al., 1948) . Treponemes obtained by this aerobic extraction method were 99-100% actively motile and retained their motility and infectivity for at least three hours in an aerobic atmosphere. Studies were also performed using non-motile treponemes which had been heated at 56°C for five minutes.
Treponemes were also harvested by an anaerobic technique incorporating the motility-sustaining medium used in the Treponema pallidum immobilisation (TPI) test described by Nelson and Diesendruck (1951) and modified by Metzger et al. (1961 Hypaque), using a modification of the method of Gordon et al. (1974) . Sterile plastic materials were used throughout the procedure. The gradient was centrifuged for 40 minutes at 220 g. A central zone containing phagocytes, lymphocytes, and platelets was removed, and the cells were washed three times with 10 ml phosphate-buffered saline (calcium-and magnesium-free) containing 1 ml EDTA (0-15 mol/l) per 5C0 ml. After centrifugation for 10 minutes at 340 g, the pellet was resuspended in the desired volume of RPMI-1640 Certain mixtures also contained 0-025 ml guinea-pig complement (Grand Island Biological Co., Grand Island, NY) which represented approximately 700 log units/ml (Hederstedt, 1961) .
To ensure that testicular preparations did not interfere with phagocytosis, control incubations with inert, ingestable polystyrene latex particles (Dow Chemicals, Indianapolis, Indiana) with a 1 099 !im diameter were used in all experiments (Griffin and Silverstein, 1974) . Control mixtures contained 0-5 ml of the treponeme suspension with or without serum and 108 latex particles. Serum was added in 0-1 ml volumes to comprise 20% of the incubating mixtures, and latex particles represented 0 05 ml of the total volume.
MICROSCOPY
Initially, unfixed, wet preparations of T. pallidum phagocyte mixtures were examined at a magnification of x756 in a phase-contrast oil immersion system for periods of two to three hours at 37°C in air. Preparations were made by inversion of coverslips with adherent cells on to approximately 3 4LI of treponeme suspension. Coverslip edges were sealed with paraffin.
Treponeme-phagocytemixtures werealso incubated at 37°C in 5% CO2/95 % air. After 60 minutes the coverslips with adherent phagocytes and treponemes were washed with RPMI-1640 tissue culture medium and fixed with 2-5% glutaraldehyde in 0-1 mol/l sodium cacodylate buffer (pH 7140). Coverslips were mounted and sealed on glass slides for phasecontrast microscopical examination. Quantitative evaluations were made a few hours after fixation by determining the numbers of cell-attached and unattached organisms per 50 treponemes. Calculated percentages of attached treponemes repre-sented the proportion of the total number of treponemes remaining on the glass coverslip after incubation, washing, and fixation, which were adherent to -leucocyte cell surfaces (Table 1 ). The density of phagocytes and treponemes per coverslip was determined by multiplying the mean number of phagocytes or treponemes per x756 microscopic field by 4-4 x 103. The microscopic field area was 0 04 mm2, the coverslip area 177 mm2. Generally there were 3 12 x 104 cells per coverslip, and the average density of treponemes per coverslip was 2-82 x 104 for virulent motile treponemes and 1 52 x 104 for heated, non-motile treponemes.
Results

MORPHOLOGICAL OBSERVATIONS DURING INCUBATION
The interaction between virulent T. pallidum (Nichols strain) and human phagocytes was first studied using unfixed, wet preparations. Examination by phase-contrast at 37'C showed that treponemes attached themselves to the cell surface. Attachment was observed within five minutes of incubation and was polar with one or both terminal portions of the treponeme in contact with the cell surface (Fig. 1) normal human or rabbit serum (P>0-05).* As previously stated the percentages of attached treponemes represent that proportion of the total number of treponemes remaining on the glass coverslip which were adherent to cell surfaces after incubation, washing, and fixation. Almost half the phagocytes had one treponeme or more attached to the cell surface. The treponeme density approximated that of the macrophages in these fixed preparations. No intracellular organism was detected by phase-contrast microscopy.
A control incubation mixture containing leucocytes, aerobically-prepared treponemes, and latex particles was included in all experiments to show that the treponeme suspension did not inhibit phagocytosis. Numerous intracellular latex particles were observed in the presence of attached treponemes (Fig. 2) . Latex particles were added to preparations at the beginning or 15 minutes before the end of incubation. Over 900% of phagocytes ingested latex particles under either of these conditions indicating that the phagocytic function of the cells was intact. Treponemes harvested by the standard anaerobic method of the TPI test were also incubated with macrophages and latex particles. The results of these experiments performed in triplicate showed that whereas the technique of extraction had no effect on the frequency of attachment of treponemes, the ingestion of latex particles was inhibited suggesting that the TPI test medium T. pallidum by phase-contrast microscopy. Note horse-shoe configuration of one treponeme attached at both ends to the cell surface( x 1008). may interfere with phagocytosis. Furthermore, phagocytes incubated with latex particles suspended in TPI test medium (without treponemes) failed to ingest the latex particles. TPI test medium was therefore not used in subsequent studies.
As T. pallidum in the absence of serum and complement attached to the cell surface regardless of the extraction procedure (Table 1) , attachment was not due to complement-dependent immune adherence (Nelson, 1953) . However, complement in association with antibody present in the testicular preparation or in normal serum may be required for the ingestion of attached organisms. The presence of fresh sera or complement had no effect on attachment (P>0.05)t (Table 2 ). In addition, intracellular treponemes were not observed in preparations containing fresh serum or heatedinactivated serum supplemented with guinea-pig complement. Previous investigators have shown that virulent T. pallidum may adhere to a variety of surfaces including normal human erythrocytes and eukaryotic cells in tissue culture (Nelson, 1953; Fitzgerald et al., 1975) . By contrast, heated, non-motile treponemes and avirulent, cultivatable treponemes (Treponema denticola and Treponema phagedenis biotype Reiter) do not adhere to cultured rabbit testicular cells in tissue culture (Fitzgerald et al., 1976) .
We have demonstrated that T. pallidum also adheres to the surface of human mononuclear phagocytes as well as those of the rabbit and mouse. Attachment is not complement-mediated as described for other particles requiring specific receptor sites (Mantovani et al., 1972) . Attachment is also not due to 'immune adherence', as described by Nelson, since the treponeme extracted by TPI test methods does not require complement or syphilitic serum for adherence to cell surfaces (Nelson, 1953) . Heated, non-motile treponemes do not attach to human mononuclear phagocytes. Preliminary studies in our laboratory indicate that non-pathogenic treponemes (T. phagedenis biotype Reiter and T. refringens) also do not attach to mononuclear phagocytes in vitro. These findings suggest that specific surface constituents on virulent, motile treponemes may be important in the attachment process but this adherence is non-specific since these organisms may also attach to a variety of substrates, including normal human erythrocytes and eukaryotic cells in tissue culture (Nelson, 1953; Fitzgerald et al., 1975) .
As shown in these studies, attachment is polar with the terminal portion only of the treponeme adhering to the cell surface. Morphological studies have shown that the terminal portions of treponemes differ from the rest of the body (Hovind-Hougen, 1976) . Electron microscopy with negative staining has shown that the terminal portions of treponemes have three zones of varying density, whereas the remainder of the organism is relatively homogeneous. Their shape may be species-specific. Thus avirulent treponemes cultivated in broth have tapered or blunt ends whereas pathogenic treponemes have pointed ends. The relationship between these morphological differences and attachment awaits further study.
Attachment of virulent, motile treponemes to phagocytic cells without subsequent ingestion suggests that virulent T. pallidum may have antiphagocytic surface factors. These observations are consistent with previous electron microscopical examinations of human syphilitic chancres in which treponemes were mainly extracellular, although a few intracellular treponemes were seen mainly in non-phagocytic cells (Azar et al., 1970; Sykes et al., 1974) . These studies, however, described fixed specimens in which the motility and viability of intracellular or extracellular organisms could not be assessed. Thus, the few intracellular treponemes identified in these reports may not have been fully intact at the time of their ingestion. Since treponeme viability cannot be quantitated by in-vitro cultivation at the present time, it is important that studies of treponeme-phagocyte interaction include unfixed preparations to differentiate motile from nonmotile organisms.
The initial interaction of T. pallidum with human mononuclear phagocytes in vitro demonstrates that virulent, motile treponemes attach to the surface membrane but are not ingested by these cells. Studies are now in progress to examine subsequent interactions of these organisms with phagocytic leucocytes. 
